Selenium has been recognized as an essential trace element since the late 1950s [ 11. One of its functions is protection against damage caused by oxidant species. The anti-oxidant protection afforded by selenium is associated with its incorporation into proteins. Selenium is specifically incorporated into proteins as the amino acid selenocysteine. The first mammalian selenoprotein to be identified and characterized was cellular glutathione peroxidase, which detoxifies hydroperoxides. Table 1 lists other selenocysteine-containing proteins that have been identified, purified and characterized to varying extents.
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Selenoprotein P is thought to provide protection against oxidant damage. Selenium-deficient rats are exceedingly sensitive to oxidative damage caused by the herbicide diquat. Administration of selenium to selenium-deficient rats affords protection against diquat toxicity within hours [9] . This protection is not due to glutathione peroxidase because its activity does not increase by the time protection is restored. However, selenoprotein P concentrations are increased when protection returns [lo] . Thus, selenoprotein P is thought to play a role in protection against oxidant species. Selenoprotein P has been purified from rat plasma by immunoaffinity chromatography [ 111. It is a glycosylated plasma protein with an apparent molecular mass of 57 kDa, as determined by SDS/ PAGE [12] . Deglycosylation of the protein pro-'To whom correspondence should be addressed. duced a polypeptide that migrated at 43 kDa on SDS/PAGE. The protein has a very high selenium content and the selenium is incorporated in to the primary structure of the protein as selenocysteine. Removal of selenoprotein P from plasma by immunoaffinity chromatography resulted in the removal of 65% of the selenium from rat plasma. Thus, selenoprotein P is the major selenoprotein in rat plasma.
Cloning of selenoprotein P
Partial amino acid sequence data was obtained by sequencing the N-terminus of the purified protein and of peptides generated from the protein by cyanogen bromide treatment or by enzymic digestion with V8 protease [8] . At the same time, a rat liver cDNA library was screened for the expression of selenoprotein P with polyclonal antibodies raised against rat selenoprotein P. One clone was selected for sequencing. Comparison of the N-terminal amino acid sequence of one of the peptide fragments and the deduced amino acid sequence of a portion of the cDNA clone showed that the sequences were identical. The cDNA clone contained an in-frame TGA codon corresponding with a selenocysteine residue in the peptide. Since the cDNA clone was not full-length, a second rat liver cDNA library was screened with the partial clone and a full-length cDNA clone was obtained. The nucleotide sequence of the full-length cDNA clone contained ten in-frame TGA codons. Two of the ten TGA codons were confirmed to be selenocysteine residues in the purified protein.
In the deduced protein, all ten TGA codons are assumed to be selenocysteine residues (see Figure 2 in [8] ). This is consistent with the high selenium content of the protein determined experimentally and the selenocysteine content determined by amino acid composition measurements. There is very good agreement between the experimentally determined amino acid composition of the protein and the values calculated for the deduced polypeptide (Table 2) .
A human liver cDNA library was screened with the open reading frame of the rat cIINA clone [ 1.31. One clone was purified and sequenced. The correct reading frame was determined by comparison with the deduced sequence of rat selenoprotein P. As in the rat sequence, there are ten in-frame TGA codons. The rat and human sequences are 69% identical in the open reading frame at the nucleotide level and 72% identical at the amino acid level. Five regions in the deduced proteins had identities that are greater than 80% (Figure 1 a) . The amino acid composition of human selenoprotein P is given in Table 2 . As expected its composition is very similar to rat selenoprotein P.
Comparison of rat and human selenoprotein P cDNAs
Of particular interest is the finding that eight of the ten selenocysteines are conserved from the rat to the human peptide [ 131. Three of the four selenocysteine residues that are not conserved (one in the rat and two in the human) are matched by cysteine Table 2 Amino acid composition of selenoprotein P Predicted values are from the cDNA sequences for the secreted rat and human protein [8, If the selenocysteine and cysteine residues are considered as a group then they are 96% conserved between rat and human selenoprotein P. The spacing of these residues in the deduced proteins is shown in Figure 1 . The extremely high degree of conservation of selenocysteine and cysteine residues in selenoprotein P from two species suggests that these residues are crucial to the function and/or structure of the protein.
Other features common to the deduced rat and human proteins are a signal peptide, potential glycosylation sites and regions of positively charged amino acids [13] . The finding of a single peptide, which is expected to direct secretion of the protein into the extracellular space, is consistent with selenoprotein P being a plasma protein. Multiple potential glycosylation sites are present in the rat and human deduced sequences. Two of these sites are conserved between the species. Several regions containing arginine, lysine and histidine residues give areas of concentrated positive charge and could explain the heparin-binding nature of selenoprotein P.
Mechanism for the incorporation of selenocysteine
The mechanism responsible for the incorporation of selenocysteine in eukaryotic proteins has been shown to require specific structures in the 3' untranslated region of the messenger RNA [14] . Transient expression studies with type I iodothyronine 5' deiodinase showed that a stable stem-loop structure in the 3' untranslated region is required for selenocysteine incorporation and for protein expression. Computer analysis of the RNA folding patterns in the 3' untranslated region of selenoprotein P predicted two stable stem-loop structures for the human and for the rat mRNAs (see Figure 4 in [ 131). Since selenoprotein P mRNA contains ten UGA codons, it can be concluded that a unique stem-loop structure is not required for each UGA codon. Another region of interest in the 3' untranslated region of selenoprotein P mRNA is the 260 nucleotides after the termination codon. This region is 78% identical between rat and human selenoprotein P mRNAs. The conservation of this region from one species to another suggests that it is functionally important. Selenoprotein P provides a unique opportunity to examine the incorporation of multiple selenocysteines into the growing polypeptide chain. In particular, the involvement of and requirement for the individual elements in the 3' untranslated region of the mRNA for incorporation of specific selenocysteine residues can be studied.
Thus selenoprotein P has several striking features. Its prominence as a major source of selenium in the plasma, its role in protection against oxidant damage, and the mechanism for the incorporation of multiple selenocysteine residues into the growing peptide chain are fertile areas for research.
When the neutral theory of molecular evolution [ 11 was first proposed, silent (that is, synonymously variable) sites in codons were considered to be ideal candidates for truly neutral evolution [Z] . However, as the DNA sequences of numerous genes were determined, it became apparent that the usage of alternative codons for different amino acids was neither uniform nor random. Furthermore, codonusage patterns were found to vary both among species and among genes from the same genome [ 31. This non-random codon usage was interpreted as evidence of selective differences between codons.
Codon selection
The first species in which patterns of codon usage were elucidated was Escherichia coli, with critical evidence coming from knowledge of the abundance, and anticodon sequence, of the various tRNAs present in the cell [4] . Optimal codons were identified as those best recognized (1) by the most abundant tRNAs (2) . Highly expressed genes have a highly biased codon usage, with a very high frequency of the optimal codons, while lowly expressed genes have a more random codon usage illustrate point (I), consider the two codons for phenylalanine. These are translated by a single tRNA, with the anticodon GAA: this forms a more natural pairing with UUC than with UUU, and the former codon is far more heavily used in highly expressed genes (Table 1) . A single major trend in codon usage exists, forming a continuum between the highly expressed and the lowly expressed patterns [6, 71 , such that the frequency of optimal codons in a gene is highly correlated with its expression level [ S , 81.
An analogous situation is found in a eukaryote, the budding yeast Saccharomyces cerevisiae. Again, tRNA populations in S. cereviszize have been well-characterized [9] . For several amino acids, the optimal codons in yeast differ from those in E. coli.
Highly expressed genes use these codons almost exclusively, while lowly expressed genes have much weaker bias [ 10-121. Again considering only the phenylalanine and arginine codons for illustration (Table I) , a number of points are evident. Firstly, the bias in highly expressed genes is even stronger than in E. coli (as seen by comparison of the relative synonymous codon-usage values). Secondly, for arginine, the preferred codon (AGA) is different from that in E. coli (CGU): in yeast, the tRNA decoding AGA and AGG is very abundant, while the other two tRNAs are relatively rare, and the abundant tRNA responds much better to the AGA codon [9] . Thirdly, for phenylalanine, the preferred codon in yeast is the same as that in E. coli, apparently for the same reason; indeed, UUC may be the optimal phenylalanine codon in all species Several important points should be made (briefly). The first concerns the mechanism of translational selection. Optimal codons are translated ~131.
